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SECTION  I 


INTRODUCTION 


A high  strength  steel  alloy,  possessing  high  fracture 
toughness  and  good  stress  corrosion  resistance,  was  recently 
developed  in  a cooperative  program  by  General  Dynamics  and 
U.  S.  Steel  under  the  sponsorship  of  the  Air  Force  Materials 
Laboratory,  Reference  1.  The  nominal  composition  of  the  alloy 
steel  resulting  from  the  development  program  is  14Co-10Ni-2Cr-lMo- 
0 . 16C-bal  Fe.  This  230-250  Ksi  (1586-1724  MPa)  TUS  steel, 
designated  AF  1410,  is  attractive  for  aerospace  structural 
applications  due  to  its  superior  fracture  properties  and  stress 
corrosion  resistance. 

Preliminary  welding  investigations  using  a matching  AF  1410 
filler  metal  composition  indicated  good  weldability  with  arc 
welding  processes,  References  1 and  2.  However,  some  tensile 
ductility  and/or  notch  toughness  degradation  was  present  in  the 
heat  affected  zone  and  postweld  aged  fusion  zone.  These  losses 
of  toughness  properties,  while  not  serious  enough  to  limit  the 
welding  of  AF  1410  steel,  indicated  the  need  for  additional 
study . 

In  this  investigation  the  effect  of  (1)  heat  input  and 
number  of  thermal  reversals  on  HAZ  properties  (2)  filler  metal 
composition,  e.g.  level  of  deoxidizing  and  impurity  elements  on 
mechanical  properties,  and  (3)  deposition  rate,  cooling  rate,  and 
post  weld  aging  on  fusion  zone  mechanical-metallurgical  properties 
were  briefly  evaluated.  Another  factor  which  proved  to  be  of  some 
concern  in  this  investigation  was  the  level  of  molten  pool 
contamination  possible  when  welding  with  the  CW-GTAW,  HW-GTAW,  and 
CW-PAW  arc  weld  processes.  The  evaluation  of  the  heat  affected 
zone  was  curtailed  when  it  was  judged  the  resultant  mechanical 
properties  were  adequate  for  the  arc  weld  processes  investigated. 
Thus,  the  remainder  of  the  study  was  directed  towards  improving 
the  fusion  zone  mechanical  properties.  Due  to  the  scope  of  the 
variables  involved  in  this  program  a screening  of  weld  processes, 
filler  metal  heats,  etc.  was  necessary  to  reach  program  goals. 

An  outline  of  the  investigation  screening  process  is  illustrated 
in  Figure  1.  Using  this  approach  the  program  goals  of  high 
strength-high  toughness-high  corrosion  resistant  weldments  were 
for  the  most  part  met,  Table  1. 
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TABLE  1 PROGRAM  GOALS 


Rolled  Plate  Goals  Program  Weldment 
Property  (AF  1410  Steel)  Results 

(CW-GTAW,  Heat  VE799) 


TYS,  Ksi  (MPa) 

210-230 

(1448-1586) 

212 

(1462) 

TUS,  Ksi  (MPa) 

230-250 

(1586-1724) 

224 

(1544) 

>115 

(2; 

Kjq,  Ksi  in  (MPa  \J m) 

(126.4) 

139.5 

(153.3) 

CVN  equiv,  ft-lbf  (J) 

2 35 

(47.5) 

43.5 

(58.9) 

Kjscc’  Vin  (MPa  m) 

2 100 

(109.9) 

91 

(100) 

Notes : 

(1)  It  was  the  intention  of  this  investigation  for 
post  weld  aged  fusion  zone  mechanical  properties 
to  meet  AF  1410  steel  rolled  plate  goals. 

(2)  Kq  value 
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It  is  not  suggested  that  the  resultant  mechanical 
properties  derived  from  the  FZ  or  HAZ  evaluations  in  this 
investigation  cannot  be  improved  upon  with  other  weld 
processes,  parameters*,  etc.  Rather,  improvements  in  filler 
metal  composition  and  arc  weld  metal  purity  will  further  improve 
the  fusion  zone  properties.  In  addition,  metallurgical  investi- 
gations of  the  effect  of  complex  carbides,  which  are  formed  during 
multipass  welding  and/or  post  weld  aging,  on  stress  corrosion 
resistance  also  will  result  in  meeting  this  goal.  This  feasibility 
investigation  has  demonstrated  that  the  AF  1410  steel  weld  system 
is  capable  of  achieving  high  toughness  and  high  stress  corrosion 
resistance  concomitant  with  required  strength  levels  in  arc  welds. 
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SECTION  II 


BACKGROUND 


Matching  filler  metal  compositions  to  the  AF  1410 
( 14Co- 10Ni-2Cr- LMo-0 . 16C)  alloy  steel  can  be  expected  to 
demonstrate  similar  metallurgical  behavior  as  the  base  plate 
composition.  Maximum  strengthening  occurs  during  the  precipi- 
tation of  a fine  dispersion  of  secondary  hardening  alloy  carbides 
in  a highly  dislocated  lath  martensite  matrix.  Mo  in  conjunction 
with  C forms  dislocation  nucleated  M2C  alloy  carbides,  over  a 
narrow  range  of  aging  temperatures,  which  are  principally  re- 
sponsible for  an  abrupt  increase  in  both  strength  and  toughness. 

Cr  in  this  composition  is  free  to  substitute  to  some  extent  in 
both  the  M3C  and  M2C  carbide  structures  resulting  in  an  accentuated 
hardening  effect  and  shift  in  secondary  hardening  temperature.  At 
optimum  aging  temperatures,  the  principal  alloy  carbide  has  been 
identified  as  (Mo,  Cr^C  in  a similar  10Ni-8Co-2Cr- lMo- . 11C  steel, 
Reference  3,  while  in  the  14Co- 10Ni-2Cr- lMo-0 . 16C  composition, 

Fe-jC  and  complex  alloy  carbides  (M2C , MXC)  have  been  found, 
Reference  4.  During  higher  aging  temperatures  an  austenite 
reversion  occurs  which  increases  to  a maximum  at  1100°  - 1150°F 
(593  - 621°C)  , References  1 and  5.  Weldment  heat  affected  zones, 
subject  to  repeated  thermal  reversals  in  the  austenite  forming 
temperature  ranges,  may  form  up  to  6.0  volume  percent  reverted 
austenite.  Reference  1. 

For  optimum  toughness  in  the  base  plate  composition  the 
deoxidation  , (Mn , Si,  Al,  V,  Ti)  and  impurity  (S,  P,  0,  N)>  elements 
were  maintained  at  low  levels.  However,  some  deoxidation  is 
required  for  arc  weld  deposited  filler  metals  to  alleviate 
porosity.  A study  to  produce  improved  Ni-Co-Cr-Mo-C  filler  metals 
by  eliminating  porosity  without  affecting  the  weld  metal  mechanical 
properties,  indicated  additions  of  0.10  to  0.207o  Si,  up  to  0.027c 
Al,  or  up  to  0.107«V  were  acceptable,  Reference  6.  When  deoxidizing 
elements  are  used  synergistically , adjustments  in  the  levels 
should  be  made  as  over  deoxidation  is  known  to  decrease  weld 
metal  toughness,  Reference  7. 

Numerous  and  complex  variables  interact  in  the  fusion  zone 
due  to  the  diversity  of  weld  parameters  possible  in  different 
arc  weld  processes  which  control  the  resultant  strength  and 
toughness  of  the  weld  metal.  The  microstructure  can  be  difficult 
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to  interpret  for  each  14Co- 10Ni-2Cr- LMo-0 . 16C  weldment  due  to 
the  superimposing  of  the  transformation  structure  on  the 
solidif ication  structure,  the  phase  reversals,  and  continuous 
aging  which  occurs  during  multipass  welding.  In  addition  the 
deoxidation  practice  and  as-deposited  weld  metal  purity  can 
vary  with  arc  weld  process. 

In  the  heat  affected  zone,  the  documented  toughness 
degradation  (Reference  2)  is  expected  to  be  a function  of  the 
number  of  thermal  reversals  and  heat  input.  A large  number  of 
thermal  reversals  may  result  in  up  to  6.0  volume  percent  reverted 
austenite  in  the  heat  affected  zone.  Also,  complex  alloy  carbide 
reactions  are  possible  in  Fe-Mo-C  secondary  hardening  steels  at 
higher  than  normal  aging  temperatures  which  could  be  responsible 
for  this  liAZ  behavior.  A study  of  the  alloy  carbide  stability 
ranges  in  similar  Fe-Mo-Cr-C  secondary  hardening  steel  systems 
disclosed  that  the  M2C , M^C , and  M7C3  type  carbides  would  most 
likely  occur  during  weld  thermal  cycling  in  the  heat  affected 
zone,  Reference  8 and  9.  A M C nons toichiometric  carbide  has 
been  identified  in  the  AF  1410  steel.  The  M5C  equilibrium 
carbide  is  not  expected  to  form  under  normal  welding  conditions. 
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SECTION 


III 


EXPERIMENTAL 


PROGRAM 


The  scope  of  the  experimental  program  was  the  melting, 
processing,  and  welding  of  selected  filler  metal  compositions. 

Both  the  fusion-  and  heat  affected  zones  of  the  resultant  multiple 
pass  arc  welds  were  evaluated  for  their  mechanical  and 
metallurgical  properties. 

3.1  FILLER  METAL  SELECTION  AND  PROCESSING 

Based  on  data  obtained  from  the  Heat  No.  7318-8091  weldments. 
References  1 and  2,  the  initial  filler  metal  compositions  were 
designed  with  a matching  base  plate  composition,  Table  2.  Si, 

Al,  and  V were  selected  as  deoxidizing  elements.  To  obtain  high 
fusion  zone  toughness  the  S,  0,  and  N were  limited  to  low  levels 
in  the  wire  composition  and  the  as-deposited  chemical  composition. 
Following  the  fusion  zone  evaluation  resulting  from  the  subsequent 
weldmen ts  ,six  additional  filler  metal  compositions  were  melted 
to  the  required  chemistry  as  listed  in  Table  3.  For  these  series 
of  heats,  the  additions  of  Al  and  Mn  as  deoxidizing  elements  were 
limited.  An  attempt  was  made  to  closely  control  the  levels  of 
the  deoxidizing  and  impurity  elements  by  selection  of  high  grade 
melt  stock  prior  to  VIM  processing,  Appendix  1.  The  resultant 
VIM  ingot  and  finish  wire  chemistries  are  discussed  in  the  next 
section. 

The  filler  metal  alloys  were  melted  as  165  lb  ( 74 . 8Kg)  VIM 
heats.  The  ingot  sizes  were  approximately  5.75  inch  (14.6  cm) 
diameter  tapering  to  5.5  inch  (14.0  cm)  diameter  with  a length 
of  28  inches  (71.1  cm).  After  hot  rolling  to  0.312  inch  (7.9  mm) 
diameter  rod,  the  redraw  stock  was  Kalo  turned  to  remove  all 
external  oxidation  products.  To  keep  the  contaminants  at  low 
levels  (1)  annealing  operations  were  conducted  in  a vacuum  environ- 
ment and  (2)  wire  drawing  was  conducted  without  the  use  of  contami- 
nants. The  finished  product  was  0.062  inch  (1.6  mm)  diameter  weld 
wire  which  was  subsequently  given  a complete  chemical  analysis. 

Ingot  heats  2,  3,  and  4 were  processed  to  0.5  and  1.0  inch 
(1.3  and  2.5  cm)  diameter  redraw  stock.  Further  processing  of 
these  heats  was  curtailed  due  to  lack  of  compositional  control. 


TABLE  2 REQUIRED  CHEMICAL  ANALYSES  FOR  INITIAL  TWO  FILLER  METAL  HEATS 


Required  Ingot  Analysis  in  Weight  Percent 
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3.2  ARC  WELD  PROCESSES  AND  PARAMETERS 


Eleven-6  x 12-15  x 0.625  inch  (15.2  x 30.5.-  38.1  x 1.6  cm) 
weldments  using  a i4Co- 10Ni-2Cr- lOMo-O . 16C  steel  base  plate  and 
matching  filler  metal  were  completed  by  the  cold  wire  (pulse  arc)  , 
hot  wire  (pulse  arc)  gas  tungsten  arc  and  cold  wire  plasma  arc 
weld  processes. 

The  base  plate  was  in  the  double  austenitized  and  water 
quenched( 1650°F  (898. 9°C)  - 1 hr/in  WQ  + 1500OF  (815. 6°C)  - 1 hr/in 
WQ)  heat  treatment  condition  prior  to  welding.  The  object  of  using 
three  arc  weld  processes  was  to  increase  the  weld  deposition  rate 
appropriate  levels  for  each  process  consistent  with  acceptable 
mechanical  properties. 

Since  acceptable  weld  parameters  had  been  previously  estab- 
lished (Reference  1)  for  the  CW  and  HW-GTAW  welds,  only  minor 
adjustments  were  made.  Additional  effort  was  expended  in 
determining  the  balance  between  heat  input  and  deposition  rate 
for  CW-PAW  welds  by  bead-on-plate  and  in-groove  weld  tests. 

These  tests  indicate  that  3.5  lb/hr  (1.58Kg/hr)  is  close  to  the 
maximum  deposition  rate  for  cold  wire  PAW  welds.  For  higher 
deposition  rates  hot  wire  feed  is  recommended.  The  CW  and  HW-GTAW 
welds  were  deposited  with  low  heat  inputs  while  the  CW-PAW  weld- 
ments required  a 2 to  3 fold  increase,  Table  4. 

By  developing  a weld  joint  better  suited  for  PAW  welding  a 
2.0  lb/hr  (0.9Kg/hr)  deposition  rate  at  60-65  Kj/in  (2 .4-2 . 6Kj /mm) 
is  possible  and  would  result  in  improved  weld  metal  cooling  rates, 
Reference  10. 

The  non-  keyhole  mode  was  used  for  all  multipass  PAW  welding 
in  the  investigation.  (All  welds  except  the  CW-GTAW  weldments 
were  completed  with  a traveling  gas  shield  to  decrease  gaseous 
contamination) . 

The  CW-GTAW  process  was  selected  to  continue  the  evaluation 
of  filler  metal  compositions  and  to  complete  the  weldments 
required  for  mechanical  property  characterization.  Nine  weldments 
were  made  in  0.5  inch  (1.3  cm)  and  1.125  inch  (2.9  cm)  thick 
rolled  plate  per  the  welding  parameters  listed  in  Table  5.  All 
the  weldments  were  made  in  20  inch  (50.8  cm)  long  plates  as  a 
6 inch  (15.2  cm)  linear  section  was  made  available  to  AFML. 

The  weld  plates  were  demagnitized  to  less  than  1 gauss  and 
preheated  to  120°F  (48.9°C)  prior  to  welding.  The  weld  groove 
configuration  for  the  CW-GTA  welds  in  0.5  inch  (1.3  cm)  and 
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TABLE  5 WELDING  PARAMETERS  (HEATS  VE  798-800) 


1.25  inch  (2.9  cm)  thick  plate  was  Double  J and  Double  (j  , 
respectively,  both  with  40°  (0.70  rad)  included  angle.  The 
HW-GTA  and  CW-PAW  weld  joints  were  Double  J - 60°  (1.05  rad) 
grooves.  All  the  weld  joints  had  0.06  inch  (1.5  mm)  lands  and 
a 0.125  inch  (3.2  mm)  groove  radius. 

The  CW-GTA  weldments  (3A-4D)  were  accomplished  with  a Sciaky 
automatic  welding  control  system  capable  of  both  pulse  arc 
(amperage)  and  mechanical  (transverse  to  weld  direction) 
oscillation.  The  amperage  was  pulsed  between  two  levels  with 
the  voltage  being  held  near  constant  by  the  closed  loop  feed 
back  system.  Sample  recordings  were  taken  for  all  the  above 
weldments  per  Figure  2.  The  rate  of  amperage  response  (overshoot) 
is  less  than  a 40  amp  swing  which  correlates  to  the  correction 
factor  of  the  solid  state  controls. 

3.3  WELD  THERMAL  ANALYSIS 

Weld  center-line  and  HAZ  cooling  rates  were  monitored  by 
W-3Re,  W-25Re  and  chromel-alumel  thermocouples,  respectively. 

All  fusion  zone  thermocouple  insertions  were  made  behind  the 
traveling  arc  in  the  outer  portions  of  the  molten  puddle.  HAZ 
thermal  measurements  were  made  at  the  base  plate  center  at  varying 
distances  from  the  weld  centerline.  A minimum  of  four  thermo- 
couples were  spaced  at  approximately  0.5  inch  (1.3  cm)  intervals 
in  the  heat  affected  zones  which  were  monitored. 

3.4  MECHANICAL  TESTING 

The  mechanical  properties  of  the  weldment  fusion  and  heat 
affected  zones  were  evaluated  by  tensile,  notch  toughness, 
fracture  toughness,  stress  corrosion,  S/N  fatigue,  and  crack 
growth  rate  tests.  The  specimen  configurations  and  detailed 
test  procedures  have  previously  been  given  in  Reference  1. 

3.4.1  Tensile 

Tensile  tests  were  conducted  at  room  temperature  in  accordance 
with  ASTM  E8-68  and  Federal  Test  Method  Standard  No.  151a.  Tests 
were  performed  in  both  the  longitudinal  and  transverse  orientations 
with  respect  to  the  weld  direction  using  a 120,000-pound-capacity 
BLH  test  machine.  The  yield  point  was  determined  with  a strain 
rate  of  0.003  inch/inch/min . 

3.4.2  Notch  Toughness 

The  notch  toughness  was  determined  by  a standard-size  Charpy 
V-Notch  specimen  in  the  T-L  direction  in  both  the  FZ  and  HAZ  with 
the  notch  oriented  perpendicular  to  the  weld  plate  surface.  The 
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weld  centerline  at 
in  a Riehle  Impact 
per  ASTM  370A-1. 


notches  in  the  HAZ 
the  plate  center, 
machine  at  ambient 


were  measured  from  the 
The  testing  was  conducted 
and  cryogenic  temperatures 


3.4.3  Fracture  Toughness 

Fracture  toughness  tests  were  conducted  in  the  L-T  plate 
orientation  at  room  temperature  using  compact  tension  test 
specimens.  The  specimens,  test  fixtures,  fatigue  cracking,  and 
test  procedures  met  all  the  requirements  of  ASTM  E399-72. 


Fatigue  precracking  was  accomplished  in  a BLH  SF-l-U 
fatigue  machine  using  decreasing  fatigue  loads  to  crack  the 
specimens  so  that  the  final  stress  intensity  was«KjQ/2  as 
required  by  ASTM  E399-72.  Difficulty  was  encountered  in  generating 
straight  fronted  fatigue  cracks,  and  several  specimens  did  not 
meet  the  requirements  of  paragraph  8.2.3  of  ASTM  E399-72.  There- 
fore, those  results  could  not  be  described  as  valid  data. 


Static  testing  was  conducted  at  room  temperature  in  a 
60,000  pound  (27,216  Kg)  capacity  AMTEK  elec trohydraulic  test 
machine  for  B=1.0  inch  (2.54  cm)  specimens.  A calibrated  NASA-type 
compliance  gauge  was  used  to  record  crack  opening  displacement 
(COD) . 


The  stress  solution  of  the  compact  tension  specimen  (H/W  = 
0.6)  is  given  by: 


Kl= 


P/B(W); 


1/2  3/2  5/2 

29 . 6(a/w)  - 185 . 5(a/w)  + 655.7(a/w) 

7/2  9/2 

- 1017(a/w)  + 638.9(a/w) 


3.4.4  Compact  Tension-Kjscc 


Stress  corrosion  tests  were  conducted  in  3.5  percent  NaCl 
solutions  using  the  Novak-Rolfe  Constant  Displacement  WOL  environ- 
ment test  specimen. 


The  stress  solution  of  the  Kjscc  constant  displacement 
specimen  is  given  by: 

Kj  = E Vo  C3(a/w)  where 
C6(a/w)  a 

C3(a/w)  = 30 . 96(a/w) -195.8  (a/w)2  + 730.6(a/w)3 

-1186.3(a/w)4  + 754.6(a/w)5 
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C^(a/w)  = 


4.495-16. 130(a/w)  + 63.838  (a/w)2  - 
89.125(a/w)3  + 46.851(a/w)4 
E = Modulus  of  Elasticity 


Vo  = Crack  Opening  Displacement 


a = Crack  Length 

No  continuous  crack  propagation  data  was  recorded  as  crack 
growth  measurements  were  limited  to  visual  inspection  of  specimens 
enduring  1000  hours  without  failure. 

3.4.5  Fatigue 

The  fatigue  properties  of  the  fusion  zone  was  determined 
by  S/N  fatigue  and  compact  tension  specimens. 

3.4. 5.1  S/N  Fatigue 

Axial  tension- tension  fatigue  tests  were  run  using  a 
Sonntag  SF-10-U  fatigue  machine  with  a 5:1  multiplying  fixture. 
Smooth  (Kl=1)  were  cyclic  loaded  at  a stress  ratio  of  0.1. 

'.4.5.2  Compact  Tension,  da/dN 

The  compact  tension  specimen  used  to  measure  crack  growth 
had  a thickness  of  0.5  inch  (1.3  cm).  The  specimen  was  fatigue 
precracked  using  decreasing  load  steps  in  a Baldwin  SF-l-M 
Fatigue  Test  Machine.  After  precracking,  the  coupons  were 
installed  in  a 60,000  lb.  (27,216  kg)  Elec tro-Servo  Hydraulic 
Ametek  Test  Machine  where  the  load  range  of  6,000  lbs.  (2,722Kg) 
was  used  with  measured  accuracies  of  +30  lbs.  (13.6  Kg)  as  read 
on  a dial  and  +60  lbs.  (27.2Kg)  as  observed  with  an  oscilloscope 
during  fatigue  cycling. 


The  stress  solution  of  the  compact  tension  specimen 
(H/W  = 0.486)  is  given  by: 


K = 


AP 


B y W 


f(a/w)  where 


1/2 


3/2 


f(a/w)  = 30. 9 6( a/w)  - 19 5. 8( a/w)  + 

5/2  7/2  9/2 

730.6  (a/w)  - 1186.3  (a/w)  + 754.6  (a/w) 
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da/dN  = C 4Kn 


where  a 
N 
A K 
A 
n 


= actual  half-crack  length 
= number  of  cycles 

= range  of  crack  tip  stress  intensity  parameter 
= proportionally  constant 
= numerical  exponent 


In  tests  requiring  a 3.57,  NaCl  aqueous  solution,  the 
environment  was  contained  in  a clear  plexiglass  chamber.  Two 
chambers  were  used,  one  on  either  side  of  the  coupon  with  a neo- 
prene o-ring  seal.  The  environment  enters  one  chamber  from  a 
gallon  plastic  jug,  flow  through  the  crack  into  the  other  chamber 
and  then  into  a reservoir.  A submersible  pump  was  used  to  pump 
the  fluid  to  the  upper  container  at  the  rate  of  two  quarts/hour. 


The  cyclic  rate  for  specimens  tested  in  dry  air  and  3.57c 
NaCl  was  360  cpm  (6  Hertz)  and  6,  60  cpm  (0.1,  1.0  Hertz), 
respectively . 

The  results  were  calculated  with  a Hewlett-Packard  9100B 
calculator  programmed  to  give  da/dN  and  AK  which  is  calculated 
as  the  average  for  each  data  point.  A plot  of  da/dN  versus 
average  AK  is  drawn  where  constants  fitting  da/dN  = C(AK) 
were  found  and  tabulated. 


3.5  METALLURGICAL  ANALYSIS 


Metallurgical  analysis  in  this  program  was  limited  to  a 
general  phenomenological  treatment  of  the  effects  of  cooling  rate, 
deposition  rate,  number  of  thermal  reversals  and  post  weld  aging 
on  fusion  and  heat  affected  zone  properties. 

3.5.1  Microstructure 

Standard  polishing  and  etching  techniques  were  used  in  pre- 
paring metallographic  specimens  for  optical  microscopy  analyses. 

A modification  of  a tint  etchant  (Reference  11)  was  used  to  reveal 
solidif ication  structures.  Transformation  temperatures  were 
measured  on  a high  thermal  response  Dilatronic  III  Metallurgical 
Dilatometer. 

The  fracture  topography  of  the  test  specimens  were  analyzed 
both  at  the  macroscopic  and  microscopic  level.  High  magnifica- 
tion f rac tographic  analysis  was  performed  on  a JEOL  JSM-2  Scanning 
Electron  Microscope. 
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Thin  foils  for  transmission  electron  microscopy  were  pre- 
pared from  (0.09  in)  (2.3  mm)  diameter  discs  thinned  to  2 mils 
thickness.  After  chemical  thinning,  the  discs  were  electro- 
polished  in  a chromic-acetic  acid  solution  (75  gm  CrO^  + 400  ml 
acetic  acid  4-  20  ml  distilled  water)  in  a jet  polishing  apparatus. 
The  polishing  voltage  varied  from  16-19  volts  and  the  polishing 
current  between  65-90  milliamperes . Foils  were  examined  in  a 
Siemens  Elmiskop  IA  microscope  by  bright  and  dark  field  techniques. 

3.5.2  Microhardness 

Microhardness  readings  were  taken  using  a Knoop  diamond 
indenter  (500  gram  load)  for  all  the  welds  that  were  thermally 
analyzed.  The  indentations  were  made  at  the  plate  center  from 
the  fusion  centerline  into  the  heat  affected  zone  for  welds  in 
the  as-deposited  and  postweld  aged  condition.  The  FZ  centerline 
and  FZ/HAZ  distances  were  measured  for  each  HAZ  microhardness 
reading  to  record  hardness  changes  due  to  microstructural  changes. 

3.5.3  X-Ray  Diffraction 

X-Ray  diffraction  analyses  were  made  with  a General  Electric 
XRD-5  diffractometer  to  determine  the  volume  percent  of  retained 
and/or  reverted  austenite  present  in  the  fusion  and  heat  affected 
zones,  both  in  the  as-deposited  and  postweld  aged  condition. 

Etching  to  reveal  microstructure  and  microhardness  readings  were 
used  to  differentiate  areas  of  interest  prior  to  analysis.  The 
volume  percent  austenite  was  determined  on  mechanically  polished 
surfaces  (6  diamond)  by  measurement  of  integrated  diffraction 
intensities  using  the  direct  comparison  method.  In  this  method, 
the  sample  is  irradiated  with  monochromatic  Cr  x-rays  and  the 
intensities  of  the  resultant  diffraction  from  the  austenite  and 
martensite  (ferrite)  planes  are  measured  and  recorded.  Due  to 
the  possibility  of  preferred  orientation  in  the  samples,  all 
sets  of  peaks  were  averaged  in  calculating  the  percentage  of 
austenite  present  leading  to  improved  accuracy. 
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SECTION 


I V 

RESULTS  AND  DISCUSSION 


Two  filler  metal  compositions  were  deposited  oy  three  arc 
weld  processes  during  the  preliminary  screening  phase  of  t!ie  pro- 
gram. For  the  remainder  of  the  evaluation  the  CW-GTAW  was  used  in 
the  welding  of  three  additional  filler  metal  heats.  The  scope  of 
these  investigations  included  the  chemical,  mechanical,  and  meta- 
llurgical analyses  of  the  fusion  and  heat  affected  zones. 

4.1  CHEMICAL  COMPOSITION 

Three  rolled  plate  AF  1410  alloy  steel  compositions  were  used 
in  various  stages  of  the  welding  investigation,  Table  6.  The  plate 
product  was  VIM/VAR  processed,  cross  rolled,  and  double  austeni- 
tized at  1650°F  (898. 8°C)  and  1500°F  (815. 6°C)  with  water  quench- 
ing at  each  interim.  Aged  mechanical  properties  indicated  that  a 
S level  >0.005%  will  considerably  deeradate  the  notch  touehness. 

The  low  toughness  heats  were  used  to  establish  fusion  zone 
properties  while  the  high  toughness  heat  was  used  exclusively  tor 
evaluation  of  the  heat  affected  zone  properties. 

The  ingot  and  finished  weld  wire  chemical  analyses  for  Heats 
VE  71c  and  717  indicated  partial  adherence  to  the  specified  filler 
metal  chemistry  (Table  2)  with  the  exception  of  A1  and  S,  Table  7. 
Deoxidizing  (0 . 03-0 . 0577=  Al)  and  impurity  (0.006-0.008%  S)  . 
elements  in  excess  of  recommended  levels  (>0.027oAl  and  > 0 . 0057<,S) 
can  result  in  a decrease  in  weld  metal  notch  toughness.  Acceptable 
levels  of  0 were  present  in  the  two  heats  of  weld  wire,  Table  7. 

Analyses  of  as-deposited  fusion  zone  compositions,  represent- 
ing variations  in  weld  process  and/or  filler  metal  composition, 
disclosed  that  Al,  S,  and  in  some  cases,  0 and  N,  exceeded  the 
levels  required  for  adequate  notch  toughness,  Appendix  2.  The  pro- 
gressive increase  in  Al  from  0.03-0.0577o  in  the  weld  wire  to  0.061- 
0.0957,  in  the  as-deposited  weld  metal  represents  a 3 to  6 fold 
increase  over  the  nominal  requirement.  Since  different  laboratories 
are  responsible  for  these  analyses  the  variations  may  be  due  to 
technique.  In  either  case  Al  at  high  levels,  either  present  singly 
or  combined  with  N,  results  in  toughness  degradation.  It  is  also 
expected  that  toughness  in  the  weld  metal  will  be  as  sensitive  to 
S in  excess  of  0.0057,  as  has  been  reported  in  rolled  plate, 

Reference  12. 

Although  all  the  HW-GTAW  and  CW-PAW  weldments  produced  were 
shielded,  oxygen  and  nitrogen  contamination  resulted  in  some 
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TABLE  6 AF  1410  ROLLED  PLATE  PROPERTIES 


HAZ  Evaluation 

Fusion  Zone 

Evaluation 

0.625  inch-t 

0.625  inch-t 

1.25  inch-t 

Elements 

(1.58  cm) 

(1.58  cm) 

(3.18  cm) 

(A) 

(B) 

(C) 

C 

0.16 

0.14 

0.14 

Mo 

0.98 

0.95 

0.97 

Co 

13.80 

13.95 

14.05 

Cr 

1.95 

1.88 

2.03 

Ni 

10.15 

10.10 

10.10 

Si 

0.04 

0.031 

0.041 

A1 

0.009 

0.006 

0.005 

Mn 

0.06 

0.085 

0.079 

Ti 

0.01 

<0.01 

< 0.01 

S 

0.003 

0.006 

0.006 

P 

0.007 

0.005 

0.007 

N 

20  ppm 

30  ppm 

20  ppm 

0 

9 ppm 

<10  ppm 

<10  ppm 

Mechanical  Properties 


TYS, 

Ksi 

(MPa) 

230 

(1585.8) 

224  (1544.4) 

230  (1585.8) 

TUS, 

Ksi 

(MPa) 

245 

(1689.2) 

235  (1620.3) 

250  (1723.7) 

CVN, 

ft- 

lbf  (J) 

51.3 

(69.6) 

31.3  (42.4 

29.3  (39.7) 

Notes:  chemical  analyses  expressed  in  weight  percent 


S >0. 0057c,  not  to  AF  1410  composition 

VIM/VAR,  rolled  plate 

Aged:  950°F  (510°C)  - 5 hrs/WQ 


(A)  Heat  No.  9 

(B)  Heat  No.  61690 

(C)  Heat  No.  61689 
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TABLE  7 FILLER  METAL  CHEMICAL  ANALYSES  (HTS . VE  716,  VE  717) 


eld  wire 


welds.  Appendix  2.  Fortunately,  this  condition  is  not  indige- 
nous to  the  weld  metal  system  or  weld  processes  as  high  purity 
welds  have  been  produced  in  other  studies  using  identical  weld 
conditions,  Reference  10.  It  was  the  apparent  infusion 
of  air  into  the  plasma  arc  weld  metal  pool  that  eliminated  this 
weld  process  from  further  consideration.  Another  unexpected 
problem  was  the  decreased  arc-transfer  efficiency  for  alloying 
elements,  e.g.,  Ni  and  Co  through  the  plasma  arc.  Appendix  2. 
Normally,  these  elements  are  not  very  volatile  and  would  not 
present  a problem.  Additional  chemical  analyses  of  the  as-deposited 
plasma  arc  weld  metal  will  be  required  to  adjust  the 
filler  metal  compositions  intended  for  plasma  arc  welding. 

In  the  second  phase  of  filler  metal  alloy  development,  an 
attempt  was  made  to  control  the  A1  and  S level  in  the  heats  by 
careful  selection  of  melt  materials,  Appendix  1.  Besides  the 
A1  addition,  V and  Si  were  the  only  deoxidizing  elements  select- 
ively added  to  these  series  of  heats.  Mn  was  not  added.  The 
ingot  chemistry  for  Heats  VE  798-803  presented  in  Table  8 indi- 
cates S met  the  chemistry  requirements  while  A1  again  was  not 
controlled  within  desirable  limits.  Three  separate  A1  analyses 
were  conducted  by  different  laboratories  on  each  ingot  heat  to 
provide  a suitable  check  , Appendix  3.  Heat  VE  798  was  the  only  ingo 
with  an  acceptable  A1  analysis,  but  the  finished  wire  analysis  in 
Table  9 indicated  the  S content  was  in  excess  of  the  desired  level. 
On  the  basis  of  the  reported  ingot  compositions  given  in  Table  8 , 
three  heats  with  the  lowest  combined  levels  of  A1  and  S were 
selected  for  further  processing  to  finished  weld  wire.  The  final 
selection  of  the  filler  metal  compositions  in  Table  9 concomitant 
with  high  toughness  welds  was  dependent  on  the  mechanical  proper- 
ties of  the  CW-GTAW  fusion  zone.  Heat  VE  799  was  selected  as 
the  best  high  toughness  filler  metal  composition  in  this  investi- 
gation. 

The  ultimate  approach  to  determine  the  optimum  selection 
and  level  of  deoxidizing  elements,  e.g.,  Al,  Mn,  Si,  V,  etc., 
consistent  with  balanced  weldability  and  good  toughness,  is  to 
use  a factorial  experiment  for  the  sorting  procedure.  However, 
the  difficulty  in  controlling  the  impurity  and  deoxidizing 
elements  to  prescribed  levels  in  this  investigation  precluded  the 
application  of  these  techniques. 


4.2 


FUSION  ZONE  PROPERTIES 


Mechanical  and  metallurgical  properties  were  determined  for 
the  arc  weld  deposited  filler  metal  from  five  heats.  Heat  VE  799 
was  selected  for  further  study  based  on  mechanical  property  per- 
formance . 

4.2.1  Fusion  Zone  Mechanical  Properties  (Heats  VE  716  - VE  717) 

Filler  metal  heats  VE  716  and  VE  717  were  deposited  by  the 
CW-GTAW,  HW-GTAW,  and  CW-PAW  processes,  Figure  3.  The  fusion 
zone  notch  toughness  properties  were  below  desired  levels  for  the 
multipass  arc  welds,  Figure  4.  In  the  210-230  Ksi  (1447.9-1585.8  MPa) 
TYS  range  a CVN  absorbed  energy  of  35  ft-lbf  (47. 5J)  or  above  is 
required  to  meet  the  goal  of  KiCj>115  Ksi  ^in  (126.4  MPa^m)  . In 
the  postweld  aged  condition  the  majority  of  the  weldments  met  the 
strength  requirement  of  230  Ksi  (1585.8  MPa)  TUS  minimum.  Appendix 
4.  The  CW-GTAW  fusion  zone  mechanical  properties  in  this  preliminary 
investigation  displayed  similar  behavior  to  other  previous  reported 
fusion  zone  mechanical  properties,  Reference  1.  The  yield  strength 
in  the  as-deposited  condition  is  23-42  Ksi  (158.6-289.6  MPa)  less 
than  in  the  postweld  aged,  950°F  (510°C)-4  hr,  condition.  However, 
during  the  secondary  hardening  reaction,  a notch  toughness  degra- 
dation is  evident,  4-11  ft-lb  (5.4-14.9J),  rather  than  a toughness 
increase  as  in  aged  rolled  plate.  This  toughness  degradation  also 
occurs  in  the  HW-GTAW  and  CW-PAW  weldments  upon  postweld  aging. 

The  yield  to  tensile  ratio  changes  dramatically  for  the  CW-PAW 
welds  as  compared  with  the  HW-GTAW  welds,  Appendix  4.  The  TYS/TUS 
increases  from  .699-. 733  to  .943-. 948  (CW-PAW)  and  from  .834  to 
.924-. 927  (HW-GTAW)  in  the  as-deposited  and  postweld  aged  fusion 
zones,  respectively.  Apparently,  the  plasma  arc  super  heats  the 
filler  metal,  thus  resulting  in  some  C loss  and  almost  complete 
solutioning  of  carbides  during  the  short  duration  at  austenizing 
temperatures . 

The  CW-PAW  and  HW-GTAW  weldments  represent  a 2-3  fold  and 
5 fold  increase  in  deposition  rate,  respectively,  over  that  of  the 
CW-GTAW  process.  The  lack  of  microstructural  refinement  occurring  in 
the  as-deposited  fusion  zone  increases  with  deposition  rate, 

Figure  5.  The  HW-GTAW,  5.0  lb/hr  (2.3  Kg/hr),  fusion  zone  displayed 
the  minimum  refinement  with  multipass  welding.  Both  weld  groups, 
HW-GTAW  and  CW-PAW,  experienced  low  notch  toughness  in  the  as- 
deposited  and/or  post  weld  aged  condition.  Other  factors  besides 
decreased  microstructural  refinement  contributed  to  these  low 
toughness  levels.  As  reported,  filler  metal  heats  VE  716  and 
VE  717  contained  excessive  levels  of  A1  and  S leading  to  a consider- 
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CVN  ABSORBED  ENERGY,  FT-LBF 
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Figure  4 Correlation  Between  Fusion  Zone  Mechanical  Properties 
and  Weld  Process  Utilizing  Filler  Metal  Heats  VE  716 
and  VF,  71.7 
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CVN  ABSORBED  ENERGY  (J) 


GTAW  (PULSE  ARC)  HW  - GTAW  (PULSE  ARC)  CW  - PAV. 


As-Welded  Condition 


able  toughness  degradation,  Table  7.  Improvements  in  fusion 
zone  toughness  for  high  deposition  rate  weldments  will  be 
possible  as  follows:  (1)  HW-GTAW  - high  purity  filler  metal 
composition  and  improved  weld  parameters  and  (2)  CW-PAW  - high 
purity  filler  metal  composition,  decreased  gaseous  contamination 
during  welding,  and  improved  weld  parameters. 

4.2.2  Effect  of  Welding  Parameters  and  Fusion  Zone  Composition 
on  Mechanical  Properties 

Center-line  cooling  rates  of  representative  weldments  indicated 
that  heat  inputs  greater  than  70  K j / in  (2.8  Kj/mm)  are  not  desir- 
able, Figure  6.  A comparison  of  the  cooling  rates  of  the  CW  and 
HW-GTAW  processes  revealed  this  parameter  to  be  more  sensitive  to 
heat  input  than  deposition  rate.  The  plasma  arc  welds  required 
excessive  heat  inputs  to  successfully  deposit  weld  metal  at  greater 
than  a deposition  rate  of  3 lbs/hr  (1.4  Kg/hr).  It  was  noticed 
in  the  root  passes  that  the  excessive  cold  wire  feed  shielded  the 
lower  portion  of  the  molten  weld  puddle  from  the  plasma  arc  so  a 
tendency  toward  lack  o fusion  developed.  Several  techniques,  e.g., 
increased  angle  of  V or  J-groove,  oscillation,  etc.  can  be  used, 
but  hot  wire  techniques  should  be  more  successful  for 
deposition  rates  in  excess  of  3 lb/hr  (1.4  Kg/hr).  The  high  heat 
input  of  the  majority  of  the  plasma  arc  welds  allowed  some  fusion 
zone  refinement  regardless  of  the  increased  bead  size  (Figure  7), 
but  it  can  be  expected  that  the  slower  cooling  rates  will  result  in 
excessive  autotempered  products  and/or  transformation  products 
(carbides) . 

Excessive  heat  inputs  can  influence  the  solidification  mode 
and  the  coarseness  and  segregation  of  the  solidification  micro- 
structure. A cellular  dendritic  solidification  mode  was  apparent 
for  the  wide  range  of  welding  conditions  in  this  investigation, 
Figure  8.  The  cell  size  differential  between  the  CW-GTAW,  and 
CW-PAW  weld  metal  microstructures  indicates  that  the  coarseness 
of  the  cellular  dendrites  are  partially  sensitive  to  heat  input. 

Overall  the  fusion  zone  notch  toughness  did  not  attain 
previous  levels,  Figure  4,  or  the  levels  believed  to  be  obtain- 
able with  high  purity  as-deposited  14Co-10Ni-2Cr-lMo-0. 16C  steel 
weld  metal. 

The  attendant  fusion  zone  toughness  is  dependent  on  the  level 
of  minor  elements  and  the  resultant  as-welded  and/or  post  weld 
microstructure,  Table  10.  A comparison  of  the  fusion  zone  chemistry 
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Figure  6 Representative  Center  Line  Cooling  Rates 
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Figure-  8 Representative  As-Deposited  Solidification  Microstructures  in 
On s Tungsten  Arc  and  Plasma  Arc  Welds 
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(2)  Data  (Reference  10) 

* Finish  Wire  Analysis 


with  the  accompanying  notch  toughness  for  each  weld  process 
demonstrates  the  detrimental  effect  excessive  impurity  and/or 
deoxidizing  elements  can  have  on  mechanical  properties,  Table  10. 

For  instance,  previous  CW-GTA  weldments  with  a Heat  7318-8091 
filler  metal  revealed  higher  notch  toughness  than  obtainable  with 
Heat  VE  717  by  virtue  of  reduced  levels  of  Al,  S,  and  0 in  the 
fusion  zone.  Basically,  two  sources  are  responsible  for  the 
high  levels  of  the  impurity  elements:  (1)  filler  metal  composition 
(Al,  S)  and  (2)  gaseous  contamination  (0,  N)  during  welding. 

At  similar  weld  parameters  for  individual  arc  weld  processes, 
excessive  levels  of  deoxidation  and/or  impurity  elements  resulted 
in  degradation  of  fusion  zone  notch  toughness,  Table  10.  Deoxida- 
tion/impur ity  elements  e.g.,  Al,  S,  0,  N,  etc.,  form  inclusions 
or  second  phase  particles  and  by  changes  in  fracture  sensitive 
parameters,  e.g.,  volume  percent,  critical  size,  shape,  location, 
etc.,  can  substantially  decrease  the  energy  for  ductile  rupture  in 
weld  metal,  Reference  13  and  14. 

4.2.3  Fusion  Zone  Mechanical  Properties  (Heats  VE  798-800) 

The  CW-GTAW  process  was  selected  for  the  continued  evaluation 
of  additional  filler  metal  heats  based  on  its  ability  to  consistently 
obtain  higher  toughness  weldments.  The  periodic  contamination  of 
the  deposited  CW-PAW  weldments  limited  the  use  of  this  process  to 
determine  the  effect  of  filler  metal  chemistry  on  mechanical 
properties . 

After  selection  (refer  to  paragraph  4.1)  of  three  filler 
metal  heats  with  the  best  potential  for  improved  fusion  zone 
toughness,  the  CW-GTAW  deposited  weld  metal  was  evaluated  on  the 
basis  of  tensile  and  notch  toughness  properties,  Table  11.  The 
fusion  zone  mechanical  properties  of  Heats  VE  798,  799,  and  800 
were  determined  in  the  as-deposited  and  900°F  (482°C)  and  950°F 
(510°C)  post  weld  heat  treatment  condition.  Although  the  ability 
of  Heat  VE  799  to  meet  the  TYS  program  goal,  210  Ksi  (1447.9  MPa), 
was  only  marginal,the  CVN/TYS  ratio  was  the  highest  of  the  three 
heats,  Figure  9.  While  the  900°F  (482°C)  post  weld  age  was  the 
only  thermal  treatment  resulting  in  a TYS  exceeding  program  goals, 
it  is  speculated  that  if  the  carbon  content  were  increased  to  a 
nominal  value  (0.16%)  the  950°F  (510°C)  aged  properties  could 
easily  reach  the  210  Ksi  (1447.9  MPa)  TYS  level,  Table  8.  The 
combined  low  levels  of  Al  and  S in  Heat  VE  799  are  credited  with 
the  48  ft-lbf  (65.1  J)  absorbed  energy  obtained  at  950°F  (510°C)-4  hr 
post  weld  age.  Since  the  Al  and  S were  both  at  low  levels  in 
Heat  798,  it  was  possible  to  evaluate  the  effect  of  0.087.V  on 
the  fusion  zone  mechanical  properties.  The  V addition  increased 
the  TYS  and  TUS  to  230  Ksi  (1585.8  MPa)  and  241  Ksi  (1661.6  MPa). 
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TABLE  11  FUSION  ZONE  MECHANICAL  PROPERTIES 


Cold  Wire  Gas  Tungsten  Arc  Welds 
0 - 1>2  5 Inch  (1.59  cm)  Thick  Plate 


Post  Weld 
Age 

Yield 
Ks  i i 

Strength 
(MPa  ) 

Ultimate  Strength, 
Ks i (MPa) 

E 1 onga t ion 
l i nc  h , 1 

Reduc t ion 
of  Area, 

Charpy  V-Nntch 
Absorbed  Energy, 
f t - 1 b f ( J ) 

Filler  Metal 

Hea  t 

VE 

798 

As -Depos ited 

199.6 

(1376) 

2A1.6  (1666) 

15.5 

57.7 

*29.5,  31.9 
(39.9) (43. 3 ) 

o 

900  F-4  hrs/WQ 
(482°C) 

- 

- 

- 

- 

*22.2,  22.5 
(30.1)00.5) 

950°F-4  hrs/WQ 
(510°C) 

299.9 

(1585) 

2AI.A  ( 166A ) 

14.0 

51.2 

*23.0,  23.1 
(31.2)01.3) 

Filler  Metal 

Hea  t 

VE 

799 

As -Depos ited 

202. A 

(1395) 

223.3  (1540) 

16.0 

57.1 

*40.1,  40.7 
(54. 4)(55.2) 

900°F-2  hrs/WQ 
(482°C) 

211.7 

(1460) 

223.7  (1542) 

16.0 

63.0 

42.9,  44.1 
(58.2  ) 09.8) 

900°F-4  hrs/WQ 
(482°C ) 

211 . 5 

(1458) 

221.5  (1527) 

16.0 

62.5 

*34.1,  36.2 
(46 . 2) (49 . 1 ) 

900°F-8  hrs/WQ 

21A.9 

(1481) 

219.9  (1516) 

15.0 

6A.9 

40.9,  42.9 
( 5 5 . 5 ) ( 58 . 2 ) 

900°F-12  hrs/WQ 
(482°C) 

213.3 

(1471) 

220.3  (1519) 

14.0 

60.5 

44 . 6 , 45.8 
(60.5)(b2.1) 

950°F-2  hrs/WQ 
(510°C) 

207.7 

(1432) 

215.1  (1483) 

14.0 

62.0 

46.0,  48.2 
(62.4)05.4) 

950°F-4  hrs/WQ 
(510°C) 

*207.2 

(1429) 

219.2  (1511) 

16.5 

65.2 

*36.2,  37.2 
(49. 1 ) (50.4) 

950°F -4  iUs/WQ 
( 5 1 0°C ) 

- 

- 

' 

- 

47.5,  48.0 
(64.4) (65. 1 ) 

950°F-8  hrs/WQ 
(510°C) 

202.8 

(1398) 

210.7  (1453) 

15.0 

63.0 

48.3,  48.8 
(65. 5) (66 . 2) 

950°F-12  hrs/'..'Q 
(510°C) 

203. A 

(1402) 

208.4  (1437) 

15.0 

62.2 

50.5,  52.8 
(68.5)(71.6) 

Filler  Metal 

H>.  at 

VE 

800 

As -Depos i ted 

187.3 

(1291) 

223.3  (1540) 

15.5 

60.9 

*38.4.  39.9 
(52.1  X54.1  ) 

900°F-4  hrs/WQ 
(482°C) 

- 

- 

- 

- 

*28. b,  28.9 
(38.8  ) 09.2) 

950nF-4  hrs/WQ 
( 510°C ) 

213.9 

(1475) 

222.9  (1537) 

15.5 

65.0 

*32.9,  33.1 
(44.6X44.9) 

longitudinal  tensile  orientation 
Transverse  CVN  orientation 
* First  Weld  Series 
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Required  for  K|(~  '115  Ksi  VTrT. 

(126.4  MPa  \/M) 


TENSILE  YIELD  STRENGTH,  KSI 

Figure  9 Correlation  Between  CW-GTAW  Fusion  Zone  , Mechanical  Properties 
and  Filler  Metal  Composition 


CVN  ABSORBED  ENERGY  (J) 


respectively,  with  an  accompanying  reduction  in  absorbed  energy 
to  23  ft-lbf  (31. 2J) . 

It  should  be  noted  that  the  notch  toughness  decrease  accomp 
anying  (paragraph  4.2.1)  the  post  weld  aging  of  the  as-welded 
fusion  zone  did  not  occur  with  Heat  VE  799. 

The  effect  of  test  temperature  on  the  notch  toughness  of 
the  Heat  VE  799  filler  metal  in  the  post  weld  aged  condition  is 
shown  in  Figure  10  and  Appendix  5.  The  CW-GTA  welds  in  0.625 
inch  (15.9  mm)  thick  plate  were  comparable  to  AF  1410  rolled 
plate  properties.  As  expected  in  these  alloys  no  pronounced 
ductile-brittle  transition  occurred,  rather  fracture  occurred 
with  progressively  less  energy  required  for  ductile  rupture. 

In  room  temperature  fractures,  small  ductile  dimples  indicated 
failure  by  void  coalescense,  Figure  11.  At  cryogenic  temperatures, 
-320°F  (195. 5°C),  the  low  energy  fractures  also  disclosed  failure 
by  a predominantly  dimpled  rupture  mode. 

Since  the  thermal  reversals  imposed  by  consecutive  passes 
during  multipass  welding  affect  the  as-deposited  fusion  zone 
microstructure  and  corresponding  mechanical  properties,  it  is 
recognized  that  the  properties  of  FZ  post  weld  aging  and  rolled 
plate  aging  possibly  will  differ  on  a direct  comparison  basis. 

Using  this  premise  the  900°F  (482°C)  post  weld  age,  which  met 
mechanical  property  goals,  may  be  microstructurally  equivalent  of 
a 950°F  (510°C)  aging  treatment  in  rolled  plate.  However, 
sufficient  fine  structural  analysis  was  not  available  to  make 
this  judgment.  Thus,  the  950°F  (510°C)  post  weld  aging  treatment 
was  selected  for  the  continued  mechanical  characterization  of 
Heat  VE  799  based  on  the  improved  stress  corrosion  cracking  pre- 
viously documented  for  this  aging  temperature  in  rolled  plate, 
References  1 and  4. 

4.2.4  Fusion  Zone  Mechanical  Characterization  Data  (Heat  VE  799) 

The  mechanical  property  data  was  obtained  from  CW-GTAW 
deposited  Heat  VE  799  weld  metal  per  the  welding  parameters 
listed  in  Table  5.  All  mechanical  properties  with  the  exception 
of  S/N  fatigue  are  representative  of  weldments  made  in  1.25 
inch  (3.18  cm)  thick  rolled  plate.  S/N  fatigue  specimens  were 
machined  from  weldments  made  in  0.625  inch  (1.58  cm)  thick  plate. 

4. 2. 4.1  Strength  and  Toughness 

The  properties  of  the  all-weld  metal  (longitudinal  direction) 
tensile  specimens,  which  were  centrally  located  in  the  1.25  inch 
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CHARPY  V-NOTCH  ABSORBED  ENERGY  - FT/LB  (J) 


°c 


-184.4  -128.9  -73.3  -17.8  37.8 


Figure  10  Effect  of  Test  Temperature  on  Notch  Toughness 
of  AF1410  Steel  Weldments 
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DUCTILE  RUPTURE,  RT,  CVN-48  FT/LBF  (65.0  J) 


PREDOMINANTLY  DUCTILE  RUPTURE,  -320°F(-195.5°C) 

CVN  - 24  FT/LBF  (32.5  J) 

Figure  11  Fracture  Appearance  of  the  Postweld  Aged  CW-CTAW 
Fusion  Zone  as  a Function  of  Temperature 
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(3.18  cm)  thick  weLded  plate,  were  comparable  with  those 
observed  in  0.625  inch  (1.59  cm)  thick  plate  with  the  exception 
of  the  reduction  of  area,  Tables  11  and  12.  The  loss  in  reduction 
of  area  proved  to  be  indicative  of  a reduction  in  notch  toughness. 

A comparison  of  notch  toughness  with  location  indicates  that  the 
CVN  absorbed  energy  increased  from  34  ft-lbf  (46. 1J)  in  the  FZ 
center  to  41  ft-lbs  (55. 6J)  in  the  FZ  top.  Table  12,  for  the 
post  weld  aged  weld  metal.  Apparently  the  number  of  thermal 
reversals  imposed  previous  to  post  weld  aging  can  control  the 
resultant  notch  toughness.  The  selection  of  post  weld  aging 
schedule  may  need  to  be  correlated  with  the  previous  thermal  cycling 
history  to  prevent  overaging.  It  was  not  possible  to  evaluate  the 
effect  of  increased  weld  cycles  on  the  HAZ  notch  toughness  as  the 
absorbed  energy  of  26-31  ft-lbf  (35. 3-42. 0J)  was  comparable  to  the 
aged  parent  metal  properties.  Unfortunately,  a low  toughness  heat 
of  AF  1410  steel  was  the  only  1.25  inch  (3.18  cm)  rolled  plate 
available  for  these  weldments,  Table  6.  However,  all  other  HAZ 
investigations  were  accomplished  with  a high  toughness  heat. 

Fracture  toughness  specimens  were  tested  at  ambient  temperature 
with  the  crack  extension  occurring  in  the  weld  direction.  Plane 
strain  fracture  toughness  values  (Kjc)  were  not  determined  due  to: 
(a)  crack  front  deviations  greater  than  57,  - ASTM  E399-72  and  (b) 
Pmax/Pq  greater  than  1.1.  The  Kn  values  ranged  from  96.8  Ksi  \J in 
(106.3  MPa  y m)  to  139.3  Ksi  \J  in  (152.9  MPa  yin),  Table  13.  There 
is  evidence  the  crack  front  irregularity  shown  in  Figure  12  was 
responsible  for  the  low  fracture  toughness.  As  the  crack  growth 
retardation  increased,  the  fracture  toughness  progressively 
declined,  Figure  12.  The  location  of  the  fatigue  crack  growth 
retardation  approximates  that  of  the  fusion  zone  center.  Compari- 
son of  shear  lips  with  previously  fractured  high  toughness  plate 
specimens  indicated  the  Kjq  should  be  greater  than  125  Ksi  yin 
(137.4  MPa  \J  m)  for  the  specimens  exhibiting  the  greatest  crack 
front  deviations.  Although  the  fracture  toughness  goal  of  > 

115  Ksi  y'in  (126.4  MPa  \J m)  was  not  technically  met  in  the  1.25  inch 
(3.18  cm)  weldments,  there  is  evidence  that  this  value  could  be 
exceeded  since  the  average  fusion  zone  notch  toughness  exceeds 
35  ft-lbf  (47. 5J)  absorbed  energy  at  the  210  Ksi  (1447.9  MPa) 

TYS  level.  The  0.625  inch  (1.59  cm)  thick  weldments,  with  an 
absorbed  energy  of  43.5  ft-lbf  (58.9  J),  also  meet  this  goal  using 
the  Kjc-CVN  relationship  established  in  Reference  1 as  a criterion. 

4 . 2 . 4 . 2 Fat igue 

Preliminary  S/N  fatigue  data  indicates  that  at  a Kt  = 1.0, 
the  AF  1410  steel  (Heat  VE  799)  weld  metal  exhibited  reduced 
fatigue  performance  compared  with  rolled  plate  data,  Figure  13. 

As  the  endurance  limit  stress  levels  are  approached,  it  becomes 
difficult  to  evaluate  the  fusion  zone  fatigue  performance  as 
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wmm 


ROLLED  PLATE  - 2X 

K|c  = 130.7  Ksiv/INCH  (143.6  MPav'M) 


CW-GRAW  FUSION  ZONE  - 2.5X 
DOUBLE  J GROOVE  _ 

Kq  = 139.3  Ksi/lNCH  (153.1  MPa/M) 

Figure  12  Irregular  Fatigue  Crack  Profile  Evident  in 
Postweld  Aged  CW-GTAW  Fusion  Zone  Fracture 
Toughness  Specimens 

43 


uisu 

on 


internal  cracking  degradated  the  cyclic  life,  Appendix  6. 

In  contrast,  the  crack  growth  rate  in  dry  air  (6  Hz)  and  3.570 
NaCl  solution  (at  both  0.1  and  1 Hz)  is  considerably  improved 
for  fusion  zone  specimens  as  compared  to  rolled  plate  data, 

Figures  14  and  15.  The  fusion  zone  crack  growth  rate  in  3.57, 

NaCl  solution  (da/dN  = 6.265  x 10~^  4K3-206  at  ^ Hz)  shows 
substantial  improvement  over  the  rolled  plate  crack  growth  rate 
in  dry  air  (da/dN  = 7.010  x 10“9  A K^- at  6 Hz).  It  has  not 
been  determined  if  the  microstructure  and/or  residual  stresses 
are  responsible  for  the  difference  in  the  rate  of  crack 
propagation.  The  fusion  zone  crack  growth  rates  in  dry  air  and 
3.57,  NaCl  environments  proved  to  be  quite  similar.  Detailed 
crack  growth  data  is  included  in  Appendices  7 and  8. 

4. 2.4. 3 Stress  Corrosion 

Alternate  immersion  stress  corrosion  testing  performed  on 
a CW-GTAW  weldment  indicated  a tendency  for  early  failure  in  the 
heat  affected  zone.  The  tensile  loaded  SCC  specimens  were 
sectioned  in  the  transverse  orientation  from  1.25  inch  (3.18  cm) 
thick  weldments  so  all  weld  associated  microstructures  were 
subject  to  test.  It  is  difficult  to  evaluate  the  level  of  SCC 
resistance  in  the  HAZ  as  low  toughness  AF  1410  steel  plate  was 
used  for  the  thick  weldments.  Regardless  it  is  expected  that 
susceptible  HAZ  microstructure  will  render  a lower  SCC  limit 
than  the  FZ  microstructures,  on  a comparable  basis,  Table  14. 

The  stress  corrosion  cracking  properties  of  the  fusion  zone 
were  determined  by  the  Novak-Rolfe  modified  WOL  KjgQQ  specimen. 
Crack  extension  occurred  at  greater  than  85.4-93.0  Ksi  y^in 
(93.8-102.2  MPa\/ln)  in  the  upstream  direction,  Table  15.  When 
crack  extension  occurred,  the  crack  morphology  was  Type  1,  e.g. , 
a single  crack  extended  from  the  tip  of  the  fatigue  precrack. 
Premature  crack  growth  was  thought  to  occur  at  levels  where 
crack  arrest  normally  would  be  expected  since  an  irregular 
fatigue  pre-crack  contour  probably  also  exists  for  these  specimens. 
This  could  have  resulted  in  SC  crack  extension  at  lower  than 
normal  K;q  levels.  The  K^g^r  values  reported  for  the_CW-GTAW 
weldment,  80.4  and  91.3  Ksi  v in  (88.3  and  100.3  MPa / m)  did  not 
meet  the  program  goal  of  100  Ksi  /in  (109.9  MPa  \/  m) . Additional 
investigations  in  the  refinement  of  weld  process  and  post  weld 
age  parameters,  which  can  influence  SCC  properties,  are  expected 
to  yield  an  improved  KjgQ£  in  the  fusion  zone. 
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CRACK  PROPAGAT 


CRACK  PROPAGATION  RATE,  da/dN,  10"°  CM/CYCLE 


CRACK  PROPAGATION  RATE,  ^ 10"°  inches/cycle 


STRESS  INTENSITY  kANGE,  \K  (MPa  JFa) 


Figure  15  Fatigue  Crack  Growth  of  AF  1410  Steel  CW-GTA 
Weldment  in  3.5%  NaCl  Solution 
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C’ACK  PROPAGATION  RATE,  da/dN,  10"°  CM/CYCLE 


TABLE  14  ALTERNATE  IMMERSION  STRESS  CORROSION  DATA 


AF  1410  Steel  CW-GTA  Weldment 
Filler  Metal  - Heat  VE  799 


Results 


Spec imen 
Nck 

4C4 

4C5 


4C6 


Diameter 

Inch  (cm)  Hours  to  Fail 

0.200  (0.508)  488 

0.200  (0.508)  >1000 

0.200  (0.508)  198.9 


Remarks 

Crack  originated  in  HAZ 

No  failure  - 

226.6  KSI  (1562.3  MPa) 

Residual  Stress 

Failed  in  radius  at  machine 
damaged  tool  marks 


Test  Conditions 

(a)  10  minutes  immersed,  50  minutes  air  dry  repeated  cycle. 

(b)  3.57c,  NaCl  corrodant 

ic)  165  KSI  (1137.6  MPa)  (757,  ultimate  strength)  sustained  stress 

(d)  1000  hours  exposure 

(e)  Transverse  specimen  orientation,  1.25  inch  (3.18  cm)-t  plate 

(f)  Post  weld  aged:  950°F  (510°C)  - 4 hrs/WQ 
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4.2.5  Fusion  Zone  Micros  true  Cura  1 Properties 

The  as-deposited  fusion  zone  microstructure  was  coarse 
grained  with  lath  martensite  as  the  principal  decomposition  product. 
An  inspection  of  microstructures  representative  of  increasing  ther- 
mal reversals,  reveals  the  advantages  of  low  deposition  rate  weld 
processes  in  refining  the  as-deposited  microstructure.  The  refine- 
ment in  high  deposition  rate  weldments  is  dependent  on  two  factors: 
(1)  The  bulk  of  the  adjacent  larger  weld  bead  generally  is  not 
heated  into  a temperature  range  suitable  for  refinement  and  (2)  the 
number  of  thermal  reversals  are  decreased.  The  thermal  cycling 
proves  to  be  most  important  as  the  level  of  retained  solidification 
microstructure  and  amount  of  reverted  austenite  depends  on  the 
number  of  reversals.  The  solidification  microstructure  of  the 
14Co-10Ni-2Cr-lMo-0 . 16C  weld  metal  remains  quite  stable  during  1-2 
consecutive  thermal  reversals,  Figure  16. 

Upon  heating,  the  portion  of  the  weld  bead  reaching  the 
temperature  for  the  start  of  the  a— *~y  transformation  will  result 
in  decomposition  of  the  martensite  to  austenite  and  ferrite  compo- 
sitions, Figure  17.  The  rate  of  this  reversion  depends  on  the 
temperature  and  diffusion  rate  of  the  solute  elements.  In  Fe-Ni 
alloys,  at  high  heating  rates  64.8°F(18.2  C/min) , a reverse  trans- 
formation ( a jvj— At  As<Af)  which  is  reported  to  be  diffusionless 
occurs,  References  17  and  18.  At  slower  heating  rates  it  is 
probably  aided  by  a simultaneous  diffusion  controlled  process  as 
the  As  is  defined  over  a range  of  temperatures.  Upon  thermal 
cycling  the  reverted  austenite  proved  to  be  sufficiently  distorted 
to  exhibit  marked  differences  in  mechanical  properties  and  to 
undergo  recovery  and  recrystallization  upon  further  heating.  Austen 
ite  and  martensite  were  both  strengthened  in  the  Fe-Ni  alloys  by 
reverse  martensitic  reactions  with  the  major  effect  occurring  in 
the  first  cycle.  The  effect  of  heating  and  cooling  rates  on  trans- 
formation was  briefly  investigated  for  the  AF  1410  steel  composition 
Heating  rates  comparable  to  those  encountered  in  CW-GTA  welding  were 
used  to  determine  the  effect  on  the  As  and  A,  temperatures. 

Appendix  9.  At  progressively  higher  heating  rates  the  As  increased, 
the  A,  remained  relatively  unaffected,  Figure  18.  Comparable 
results  were  obtained  in  Gleeble-HAZ  studies  of  a Fe-Co-Ni-Cr-Mo-C 
steel  alloy  in  which  the  higher  heating  rates  consistently  increased 
the  A,  temperatures,  Reference  19.  Alternating  the  magnitude  of 
the  heating  rate  increased  the  A,  temperature  at  a faster  rate. 

A variance  of  the  cooling  rate  between  41.7°F  (5.4°C)/sec  - 233. 6°F 
( 1 12 . 0°C) /sec  had  little  effect  on  the  Ms  temperature.  The  Ms 
varied  between  590°F  (310°C)  - 608°F  (320°C)  for  numerous  determi- 
nations. 


50 


CW  - PAW  AS-DEPOSITED 

HI  - 83.2  KJ/IN.  DR  - 1.9  LB/HR 
(3.3KJ/MM)  (0.87  Kg/HR) 

100X 

PHOTOMICROGRAPH  REVEALING  LACK  OF 
REFINEMENT  FOR  1 THERMAL  REVERSAL 
IN  14Co-10Ni-2Cr-lMo-0.16C 
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Figure  16  Stability  of  Solidification  Structure  in 
Arc  Weld  Fusion  Zone 
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DIFFUSIONLESS  DECOMPOSITION  | | METASTABLE  DIAGRAM 


Figure  17  Decomposition  on  Heating  and  Cooling  in  the  Fe-Ni  System 


The  retained  austenite  present  in  the  last  weld  pass  of  aLl 
the  arc  weld  processes  remained  below  2.0  volume  percent  for  the 
as-deposited  and  post  weld  aged  conditions,  Appendix  10.  Weld 
metal  from  all  toe  multi-pass  arc  welds,  when  exposed  to  greater 
than  3 thermal  reversals,  contained  2.3  to  3.3  volume  percent 
austenite.  The  use  of  the  lower  deposition  fate  weld  processes 
(CW-GTAW  and  CW-PAW)  exposed  the  fusion  zone  weld  metal  to  more 
thermal  reversals  above  the  As  temperature,  thus  resulting  in 
more  stabilized  austenite  than  was  evident  for  the  HW-GTAW  weld. 

When  the  as-deposited  weld  metal  was  postweld  aged,  950°F  (510°C)- 
4 hrs , a general  increase  in  reverted  austenite  occurred,  Appendix 
10.  Depending  on  the  alloy  composition  and  volume  percent  austenite 
present  anomalous  results  have  been  reported  in  regard  to  fracture 
toughness  in  the  literature.  An  investigation  of  the  effect  of  increas- 
ing retained  austenite  in  as-deposited  steel  weld  metal  ( 18Fi -8Co-4 . 5Mo 
maraging  steel)  on  fracture  toughness  indicated  a general  degradation, 
Reference  20.  The  fracture  toughness  decrease  was  explained  as 
initial  void  formation  in  interdendr i t ic  austenite  pooLs  resulting 
in  microcracks  which  link  up  to  reduce  the  energy  required  for 
ductile  rupture.  In  the  14Co-10Ni-2Cr-lMo-0. 16C  steel  rolled  plate, 
the  quantity  of  reverted  austenite  formed  is  proportional  to  the 
cumulative  exposure  at  temperatures  in  the  austenite  formation 
range,  Reterence  1.  Apparently  the  additional  post  weld  aging 
demonstrates  this  effect  as  considerable  additional  austenite  was 
formed  at  a temperature,  950°F  (510°C),  where  the  a.—*'  >’ reac t ion 
should  be  stable  for  a longer  time  period.  It  is  suggested  that 
the  notch  toughness  decrease  evident  in  some  of  the  program  weld 
metal  in  the  as-deposited  and/or  post  weld  aged  condition  could 
result  from  the  following:  (1)  reverted  austenite-easy  fracture 
path  (2)  alloy  carbide  precipitation  from  retained  austenite  at 
fracture  sensitive  interlath  locations  and  (3)  overaging  of  alloy 
carbides  and  (4)  excessive  aluminum  and  other  impurities  which  may 
precipitate  second  phase  particles  at  non-optimum  locations. 

Additional  work  is  required  to  correlate  toughness  with  the  above 
factors  which  could  interact  singly  and/or  synergis tica 1 Ly . 

A brief  mic ros true tura 1 examination  of  fine  structure  was 
completed  for  CW-GTAW  and  CW-PAW  deposited  weld  metal  in  the 
(1)  as-deposited  (top  pass),  (2)  multipass  (3  or  more  reversals), 
and  (4)  multi-pass  and  post  weld  aged  conditions. 

(1)  Microstructure  of  as-deposited  weld  metal  - (1-2  reversals) 

In  the  as-deposited  condition  the  CW-GTAW  weld  metal 
microstructure  of  the  Last  weld  pass  consists  of 
dislocated  parallel  lath  martensite  with  interlath  films 
of  stabilized  austenite,  Figure  19.  Autotempered 
carbides,  e.g.,  widmansta tten  cementite  platelets  and 
spheroidized  cementite  particles,  etc.,  are  present 
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Figure  19  As-Deposited  CW-GTAW  Fusion  Zone  Microstructure 


within  the  laths,  Figure  20.  At  slower  cooling  rates 
(CW-PAW  welds)  an  increase  in  twinning,  retained  austenite 
and  carbide  precipitation  is  noted,  Figures  21  and  22. 

At  cooling  rates  of  9.8°F  (5.4°C)/sec  in  high  deposition 
rate,  3.3  lb/hr  (1.5  Kg/hr),  CW-PAW  weld  metal,  extensive 
precipitation  of  (110)a  cementite  and  (100)a  e -carbide 
platelets  was  noted,  Reference  10.  The  size  of  the  auto- 
tempered  carbides  was  considerably  larger  than  those 
formed  at  rapid  cooling  rates. 

(2)  Microstructure  of  Multipass  Weld  Metal  (3  or  more  reversals) 

CW-GTAW  weld  metal  subject  to  3 or  more  thermal  reversals 
had  a dislocated  lath  martensitic  structure  with  no 
evidence  of  twinning,  Figure  23.  The  lath  widths  were  very 
narrow  (0.1^  average)  and  seemed  to  reflect  the  grain 
refinement  due  to  the  thermal  cycling.  This  is  consistent 
with  observations  made  in  an  Fe-Ni-C  alloy  where  rapid 
re-austenitizing  led  to  considerable  martensitic  refinement, 
Reference  21.  Considerably  more  reverted  austenite  was 
present  in  the  multipass  weld  microstructures,  Figure  23. 

The  stabilized  austenite  had  an  interlath  film  morphology 
thus  indicating  the  preference  for  lath  boundary  sites. 

As  before,  the  Kurdjumov-Sachs  orientation  relationship 
is  obeyed  between  the  martensite  and  austenite. 

Due  to  the  thermal  reversals,  the  carbides  which  are  present 
are  complex  and  quite  diverse.  Complex  carbides  of  the  type  M2C 
and  M^C,  where  M = Fe,  Mo,  Cr,  have  been  identified,  Figure  24. 
The.widmans ta tten  (110)a  platelets  of  M^C  are  about  1000A  long  and 
100A  in  width.  The  M2C  carbides,  tentatively  identified  as  M02C,  are 
very  small  in  size  and  precipitate  predominant ly4 at  intralath  sites. 
Another  carbide  with  a spherical  morphology  (275A  dia.)  was  present 
at  lath  interior  and  lath  boundary  sites.  It  is  suggested  that  these 
carbides  may  be  of  the  M7C3  type  where  M = Cr,  Mo. 

(3)  Microstructure  of  post  weld  aged  multipass  weld  metal  - 
(3  or  more  reversals) 

The  microstructure  from  the  multicycled  fusion  zone  weld 
metal  did  not  change  significantly  when  post  weld  aged 
at  950°F  (510°C).  The  dislocated  lath  martensite  structure 
was  not  significantly  affected  by  this  aging  treatment  as 
recovery  in  the  substructure  was  minor  as  evidenced  by 
the  fairly  high  dislocation  densities,  Figure  25. 

However,  the  amount  of  reverted  austenite  nucleated  at 
the  interlath  boundary  and  intralath  sites  proved  to  be 
quite  extensive,  Figure  25.  The  estimated  volume  fraction 
of  the  reverted  austenite  from  the  EM  micrographs  corres- 


Figure  20  Autotempered  Carbides  in  As-Deposited  CW-GTAW  Fusion 
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Figure  21  As-Deposited  CW-PAW  Fusion  Zone  Microstructure 


To  Multiple  Thermal  Reversals 


MULTIPLE  THERMAL  REVERSALS  PRODUCE  COMPLEX  CARBIDES  OF 
THE  TYPE:  MoC,  MoC,  M7C0  WHERE  (M  = Fe,  Mo,  Cr) 


33.2  KJ/IN.  (1.3  KJ/MM) 
1.1  LBS/HR  (0.5  Kg/HRl 


HEAT  INPUT: 
DEPOSITION  RATE 


As-Deposited  CW-GTAW  Fusion  Zone  Microstructures 
To  Multiple  Thermal  Reversals 
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Figure  25  Poseweld  Aged  CW-GTAW  Fusion  Zone  Microstructures  Representative 
of  Multiple  Thermal  Reversals 


ponded  closely  with  the  determined  values  by  x-ray 
diffraction,  e.g.,  ^ 6.5  vol.  7 . The  inter  lath  >'  films 
were  rather  discontinuous  while  the  intralath  y had 
a globular  morphology. 

The  complexity  of  the  precipitated  carbides  is  less  than 
reported  for  the  unaged  condition  as  the  (110)a  ceinentite 
platelets  have  completely  gone  into  solution.  This  indicates 
that  the  post  weld  aging  at  950°F(510°C)  of  CW-GTAW  weldments  possi- 
bly results  in  a slightly  overaged  microstructure  when  the  additive 
effects  of  thermal  cycling  and  aging  are  considered.  Rolled  plate 
microstructures,  aged  at  a similar  temperature  for  increased  time, 
show  the  presence  of  (110)a  cementite  platelets,  albeit  they  are 
in  a transitory  state  of  dissolution,  References  1 and  2.  Alloy 
carbides  tentatively  identified  as  M2C  were  present  at  martensite 
lath  boundaries  and  intralath  dislocation  sites,  Figure  26.  The 
growth  of  these  l^C  carbides  was  still  in  the  early  stages  as 
there  was  only  a small  increase  in  average  size  from  the  unaged 
condition.  Meanwhile  the  globular  M7C3  precipitates  appear  to  be 
decreasing  in  size.  This  follows  the  behavior  of  many  investigators 
(Reference  9)  reporting  on  the  Fe-Mo-Cr-C  system  as  the  MyC^  carbide 
appears  to  be  a metastable  phase.  There  is  general  agreement  that 
if  Cr  is  present  in  a Fe-Mo-C  steel,  Cr^C^  occurs  accompanied  by  a 
M£C  carbide.  As  overaging  occurs,  Cr-yC^  redissolves  as  M9C  becomes 
richer  in  Mo,  thus  approaching  M02C. 

4.3  HEAT  AFFECTED  ZONE  PROPERTIES 

The  heat  affected  zone  was  investigated  briefly  in  terms  of 
resultant  micros tructure  and  mechanical  properties. 

4.3.1  Heat  Affected  Zone  Microstructure 

All  microstructural  HAZ  investigations  were  conducted  on  double 
austenitized  and  water  quenched  14Co-10Ni-2Cr-lMo-0. 16C  (Heat  No.  9) 
alloy  steel  rolled  plate.  Table  4.  The  microstructure  was  found  to 
be  dependent  on  the  number,  tempera ture-t ime  profile,  and  effective 
position  of  each  thermal  reversal  accompanying  the  weld  pass.  At 
approximately  equivalent  distances,  0.095-0.126  inch  (2.41  - 3.20  mm), 
from  the  FZ/HAZ  interface,  an  increasing  heat  input  (HI)  is  shown  to 
decrease  the  resulting  cooling  rate,  Figure  27.  The  time  at  austenite 
forming  temperatures  is  increased  for  each  high  heat  input  weld 
pass,  Figure  17.  However,  the  higher  deposition  rates  associated 
with  high  heat  input  welds  result  in  fewer  thermal  reversals  and 
different  "eye  brow"  locations  which  should  have  a limiting  effect 
on  the  austenite  reversion.  Representative  low  HI  - high  thermal 
cycle  CW-GTAW  and  high  HI  - medium  thermal  cycle  CW-PAW  heat 
affected  zones  contain  8.5  to  8.8  volume  percent  y compared  to 
considerably  lower  y contents  in  the  low  HI  - low  thermal  cycle 
HW-GTAW  HAZ,  Appendix  10  and  Reference  1. 
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POSTWELD  AGING  RESULTED  IN  DISSOLUTION  OF  M3C  RESULTING 
IN  LESS  COMPLEX  CARBIDES  OF  THE  M2C  AND  M?C3  TYPE 


HEAT  INPUT:  33.2  KJ/IN.  (1.3  KJ/MM) 

DEPOSITION  RATE:  1.1  LBS/HR  (0.5  Kg/HR) 

POSTWELD  AGE:  950°F(51 0°C)-4  HRSA^Q 


Figure  26  Postweld  Aged  CW-OTAW  Fusion  Zone  Microstructures 
Representative  of  Mul  tiple  Thermal  Reversals 
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Figure  27  Heat  Affected  Zone  Cooling  Rates 


Outboard  of  the  FZ/HAZ  interface  exists  a fine  grained 
region  representative  of  temperatures  exceeding  the  recrystalli- 
zation temperature,  Figure  28.  Adjacent  to  this  area  there  is 
evidence  of  grain  growth  indicative  of  heating  into  the  two  phase 
field  with  a dark  etching  or  "eyebrow"  region  occurring  at  somewhat 
lower  temperatures.  The  dark  etching  region  contained  considerable 
reverted  austenite  as  seen  previously  in  maraging  steel  weld  heat 
affected  zones.  Reference  22.  An  overaged  microstructure  exists 
outboard  from  the  dark  etching  regions  in  which  the  majority  of 
the  HAZ  tensile  failures  occur. 


4.3.2  Heat  Affected  Zone  Mechanical  Properties^ 

The  correlation  between  peak  temperature,  microhardness,  and 
notch  toughness  as  a function  of  distance  from  the  FZ/HAZ  inter- 
face is  given  in  Figures  29-33.  Generally  in  all  the  representative 
arc  welds,  the  postweld  aging  increased  the  hardness  with  an 
accompanying  decrease  in  notch  toughness.  The  combination  of  the 
highest  hardness  and  toughness  existed  in  the  fine  grain  micro- 
structure outboard  of  the  FZ/HAZ  interface.  The  lowest  hardness 
and  in  some  cases  toughness  coincides  with  the  dark  etching  (high 
austenite)  region  and  overaged  area  immediately  adjacent.  Several 
of  the  high  deposition  rate  weldments  reveal  hardness  drops 
concomitant  with  the  relocation  of  the  dark  etching  region  as  weld- 
ing progresses.  Figures  30-32.  The  CW-GTA  welding  results  in  a 
localized  "eyebrow  region"  consistent  with  a single  hardness  decrease, 
Figure  29,  except  in  thick  plate  weldments,  Figure  33. 


Previous  investigations  of  weld  simulated  heat  affected  zone 
thermal  response  behavior  in  maraging  steels  indicated  similar 
behavior,  Reference  23  and  24.  The  amount  of  reverted  austenite, 
extent  of  microsegregation  and  degradation  of  hardness  increases 
with  an  increase  in  the  number  of  thermal  cycles  and  a decrease  in 
the  heating  rate.  Additional  work  on  a Fe-Co-Ni-Cr-Mo-C  steel 
approximating  the  composition  of  AF  1410  indicated  that  at  CW-GTAW 
heat  inputs,  Tp<Af  resulted  in  the  minimum  loss  of  strength  while 
T p > A F results  in  the  minimum  loss  of  toughness,  Reference  19. 

At  higher  energy  inputs  there  is  an  additional  decrease  in  strength 
for  Tp  >AF  . The  HAZ  CVN  absorbed  energy  is  approximately  10  ft-lbf 
(13. 6J)  higher  for  the  weldments  where  TP>AF,  Figure  29  and  32. 


In  this  investigation  the  heat  affected  zone  properties  are 
representative  of  low-high  deposition  rate  arc  welding  over  a 
wide  range  of  thermal  conditions.  As  previously  reported,  Reference 
2,  several  transverse  tensile  failures  occurred  immediately  adjacent 
to  the  dark  etching  region  of  the  heat  affected  zone.  The  tensile 
ductility  for  both  the  CW-GTAW  and  CW-PAW  weld  tensile  specimens  was 
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Figure  28  HW-GTAW  Heat  Affected  Zone  Microstructures  of  Unaged  Base  Plate 


DISTANCE  FROM  WELD  CENTERLINE,  INCHES 
Figure  29  Cold  Wire  Gas  Tungsten  Arc  Weld  HAZ  Properties 
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DISTANCE  FROM  WELD  CENTERLINE,  INCHES 


MM 


DISTANCE  FROM  WELD  CENTERLINE,  INCHES 
Figure  32  Cold  Wire  Plasma  Arc  Weld  HAZ  Properties 


59 


considerably  reduced  when  compared  to  fusion  zone  or  baseplate 
values,  Appendix  A.  Electron  fractography  of  previous  HAZ 
tensile  fractures  disclosed  that  (1)  the  shear  zone  of  the  fracture 
was  predominantly  quasicleavage-shear  ridges  (2)  the  fibrous  zone 
revealed  the  presence  of  both  void  coalescence  and  quasicleavage, 
Reference  2.  The  fracture  apparently  initiates  adjacent  to  the 
austenite  containing  dark  etching  region  in  an  overaged  micro- 
structure indicative  of  overaging  at  lower  temperatures.  Measure- 
ment of  reverted  austenite  on  the  fracture  surfaces  of  the  tensile 
specimens  support  this  as  the  volume  percent  austenite  was  found 
to  be  1.5%  and  2.5%  for  the  CW-GTA  and  CW-PAW  heat  affected  zones. 

The  corresponding  austenite  in  the  adjacent  dark  etching  region  of 
each  respective  HAZ  was  8. 1-8. 5 volume  percent  (CW-GTAW)  and  8.8-10.3 
volume  percent  (CW-PAW)  Appendix  10.  Also,  the  reduced  lattice 
parameter,  A,  of  the  martensite  unit  cell  in  the  fracture  region 
indicated  a low  level  of  C and/or  Mo  contained  in  solution. 

Since  in  the  initial  stages  of  this  investigation  the  post 
weld  aged  HAZ  notch  toughness,  >34  ft-lbf  (46. lj),  was  substantially 
greater  than  the  FZ  notch  toughness ,< 25  ft-lbf  (33. 9J),  of  filler 
metal'Heats  VE  716  and  VE  717;  further  HAZ  investigations  were  cur- 
tailed, Appendix  4.  It  was  decided  the  level  of  strength  and/or 
toughness  degradation  in  the  14Co-10Ni-2Cr-lMo-0. 16C  steel  HAZ 
will  not  impair  the  weldability  of  this  alloy  when  compared  to  the 
fusion  zone  properties.  Note  that  the  HAZ  notch  toughness,  30  ft-lbf 
(40. 7J),  recorded  in  Table  12  for  the  CW-GTAW  thick  plate  weldment  is 
representative  onlv  oF  the  low  toughness  base  plate. 

Substantial  improvements  in  the  control  of  impurity 
and/or  deoxidation  elements  in  the  filler  metal  compositions 
resulted  in  sizeable  increases  in  fusion  zone  notch  toughness. 

The  CVN  absorbed  energy  of  post  weld  aged  CW-GTAW  fusion  zones 
varied  from  38-46  ft-lbf  (51 . 5-62.4J) . Since  the  FZ  strength  and 
toughness  now  meet  program  goals  the  impetus  of  further  investi- 
gations should  be  redirected  toward  the  HAZ  properties.  The  resist- 
ance to  stress  corrosion  cracking,  which  approaches  program  goals 
in  the  FZ,  could  prove  to  be  somewhat  reduced  in  the  HAZ.  With  a 
diversity  of  microstructures  existing  in  the  HAZ,  there  is  a 
reduced  opportunity  to  obtain  SCC  resistance  microstructures. 

For  example,  thermal  treatments  which  lead  to  the  formation  of 
platelet  Fe_C  carbides  and  spherical  M^X  carbides  at  non-optimum 
sites  (lath/packet  boundaries)  will  result  in  degradated  fracture 
toughness  and  stress  corrosion  resistance,  Reference  4. 

Further  investigations  leading  to  an  understanding  of  the 
effect  HAZ  microstructures  have  on  mechanical  properties  will  be 
required  before  improvements  in  Kjgcc  can  be  suggested.  The  above 
discussion  was  only  intended  to  point  out  a possible  "weak  link" 
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SECTION  V 
CONCLUSIONS 


1.  Filler  metal  heats  with  a 14Co-10Ni-2Cr-lMo-0. 16C-bal  Fe 

base  composition  and  controlled  levels  of  impurity /deoxidizing 
elements  e.g.,  (<  0 . 005%.S,  < 0 . 003%0  ,<  0 . 015%A1)  can  be  expected 
to  exceed  minimum  program  strength  and  toughness  requirements 
for  fusion  zone  weld  metal. 

2.  The  mechanical  properties  of  a high  purity  filler  metal 
heat  (No.  VE  799)  deposited  by  the  CW-GTAW  process,  which 
was  subsequently  post  weld  aged,  compared  favorably  with 
rolled  plate  data  as  follows: 


AF  1410  Plate 

Heat  VE799 

a . 

TYS, 

Ksi 

(MPa) 

210  (1448) 

212  (1462) 

b. 

TUS, 

Ksi 

(MPa) 

230  (1586) 

224  (1544) 

c . 

CVN , 

ft- 

Ibf  (J) 

J>  35  (47.5) 

43.5  (58.9) 

The 

TUS 

will 

also  be  met 

when  the  carbon  content  is  maintained 

at  the  nominal  composition. 

d.  The  fusion  zone  weld  metal  failed  to  meet  a Kjscc  of 
_>100  Ksi  /in  (109.9  MPa  vr  m)  which  was  required  to  achieve 
equivalent  stress  corrosion  resistance  with  the  AF  1410 
steel  plate.  The  FZ  K^g^c  did  not  exceed  91  Ksi  yin  (100 
MPa  yin)  . 

e.  The  crack  growth  rate  was  slower  in  the  fusion  zone,  in 
both  dry  air  and  3.5%  NaCl  solution,  than  experienced  in 
AF  1410  steel  rolled  plate  in  dry  air. 

f.  The  fusion  zone  S/N  fatigue  properties  (Kt  = 1,  R = 0.1) 
did  not  meet  the  level  of  fatigue  resistance  achieved  in 
the  AF  1410  steel  rolled  plate. 

3.  The  post  weld  aged  HAZ  notch  toughness  was  greater  than  34 
ft-lbf  (46.1  J)  absorbed  energy  at  equivalent  FZ  strength 
levels  for  all  the  arc  weld  processes  evaluated. 

4.  The  best  balance  of  fusion  zone  s trength-toughness  was  achieved 
in  the  CW-GTAW  and  CW-PAW  weldments  with  deposition  rates  of 
1.1  lb/hr  (0.50  Kg/hr)  and  1.5  lb/hr  (0.68  Kg/hr),  respectively. 
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5.  The  as-deposited  CW-GTAW  fusion  zone  microstructure  consisted 
of  dislocated  lath  martensite  with  minor  amounts  of  interlath 
retained  austenite.  The  intralath  autotempered  Widmanstatten 
cementite  platelets  appear  to  have  completely  gone  into 
solution.  The  alloy  carbides,  tentatively  identified  as  M£C 
and  M7C3  type  precipitates,  form  at  martensite  lath  boundaries 
and  intralath  dislocation  sites.  The  amount  of  reverted 
austenite  nucleated  at  the  interlath  boundary  and  intralath 
sites  proved  to  be  quite  extensive  as  compared  to  the  as- 
deposited  weld  metal. 

6.  The  volume  percent  stabilized  austenite  in  both  the  fusion  and 
heat  affected  zones  apparently  increases  with  decreasing  cooling 
rate  and  number  of  thermal  reversals  in  the  as-deposited 
weldments . 

7.  The  AF  1410  steel  weld  system  is  capable  of  achieving  high 
toughness  and  high  stress  corrosion  resistance  concomitant 
with  required  strength  levels  in  arc  welds. 
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SECTION  VI 


RECOMMENDATIONS 


1.  Impurity  and/or  deoxidizing  elements,  e.g.,  S and  AI  could 
be  controlled  within  closer  limits  by  using  master  heats 
for  filler  metal  melt  stock. 

2 . Further  development  of  welding  parameters  for  low  heat 
input-low  deposition  rate  CW-PAW  weldments  may  equal  the 
mechanical  properties  obtained  by  the  CW-GTAW  process. 

3.  Further  improvements  in  FZ  mechanical  properties,  e.g, 
fracture  toughness  and  stress  corrosion  resistance  should 
be  possible  by  optimizing'  the  effect  the  combined  weld 
thermal  cycles  and  post  weld  treatments  have  on  the  aging 
transformation  of  as-deposited  microstructures. 

4.  Additional  studies  of  the  cumulative  effect  weld  thermal 
reversals  have  on  HAZ  microstructure  and  mechanical  properties 
are  required  for  an  understanding  of  the  reverse  transformation 
mechanisms  involved. 
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CHEMICAL  ANALYSIS  OF  MELT  STOCK 
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APPENDIX  3 


INGOT  ALUMINUM  ANALYSES 


Analytical  Source:  Cannon-Muskegon  Corporation 

Method:  Point  to  plane 

Analytical  Line  Pairs:  A1  3092.71  A° 

Fe  3125.65  A° 

Preburn:  5 seconds 

Exposure:  10  seconds 

Entrance  Slit:  10  microns 

Standards  Used:  Bowser  Marner  Test  Lab.  <0.002%  A1 

U.S.  Steel-Heat  61557  0.009%  A1 

NBS  1156  0.046%  A1 


Analytical  Source:  Misco,  Division  of  Howmet  Corporation 


i'U.  bbt/  uoc^ 


. ~ V.  v ^ L -h  J J • 1 *i  ^ 1 1 4 — i w 4—  i 

1C  QUUVC  o cuuuui.u>a  xu  touuuc  e x one  _L  . 


analysis,  using  a Direct  Reader  under  air  interrupted  spark 
source  and  aluminum  line  3092.71  A° . 


Values  found  at  both  analytical  sources  on  ladle  samples  are  . . . 


C-M  C-M  Misco  National  Spectro- 

Melt  No. Values Values  graphic  Values 


Heat  1 

VE-798 

0.011% 

0.016% 

0.0127c 

Heat  2 

VE-803 

0.052% 

NA 

NA 

Heat  3 

VE-802 

0.049% 

0.094% 

0.0737= 

Heat  4 

VE-801 

0.044% 

0.074% 

0.0717= 

Heat  5 

VE-800 

0.044% 

0.062% 

0.0837= 

Heat  6 

VE-799 

0.019% 

0.032% 

0.0187= 

National 

Spectrographic 

data  was  a recheck. 
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APPENDIX  4 (CONTINUED) 
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APPENDIX  5 


LOW  TEMPERATURE  CVN  IMPACT  PROPERTIES 
OF  CW-GTAW  WELDED  AF  1410  STEEL  PLATE 


Plate 

Test  Temp.  Thickness  Specimen  CVN  Absorbed  Energy 

°F  (°C)  inch  (cm)  Number  ft-lbf  (J) 


RT 

0.625 

(1.59) 

3E14 

47.5 

(64.4) 

RT 

3E15 

48.0 

(65.1) 

0 (-17.8) 

3E16 

41.4 

(56.1) 

-50  (-45.6) 

3E17 

36.5 

(49.5) 

-100  (-73.3) 

3E18 

32.8 

(44.5) 

-150  (-101.1) 

3E19 

32.0 

(43.4) 

-200  (-128.9) 

3E20 

28.0 

(38.0) 

-320  (-195.6) 

i 

3E21 

23.9 

(32.4) 

RT 

1.25  (3.18) 

4A5 

33.3 

(45.1) 

RT 

4A6 

34.5 

(46.8) 

-25  (-31.6) 

4A7 

28.8 

(39.0) 

-100  (-73.3) 

4A8 

24.9 

(33.8) 

-200  (-128.9) 

4A9 

16.0 

(21.7) 

-320  (-195.6) 

> 

f 

4A10 

13.6 

(18.4) 

Fusion  Zone  Data 

Post  Weld  Age  - 950°F  (510°C)  4 hrs/WQ 
Filler  Metal  Heat  No.  VE  799 
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APPENDIX  6 


AXIAL  FATIGUE  PROPERTIES  OF  CW-GTA  WELDED 
AF  1410  WELDMENT 

Kt  = 1,  R * 0.1 


Spec  . 
No. 

Width 
Inch  (cm) 

Thickness 
Inch  (cm) 

Max. 

Ksi 

Stress 

(MPa) 

Cycles  to 
Fail,  KC 

Location  i 
Failure 

4D1 

0.  500 

(1.27) 

0.254 

(0.645) 

210 

(1448) 

18 

S-ND/FZ 

4D2 

0.506 

(1.29) 

0.256 

(0.650) 

210 

(1448) 

17 

S-ND/HAZ 

4D6 

0.497 

(1.26) 

0.245 

(0.622) 

180 

(1241) 

18 

S-ND/FZ 

4D3 

0.496 

(1.26) 

0.246 

(0.625) 

160 

(1103) 

87 

S-ND/FZ 

4D5 

0.501 

(1.27) 

0.237 

(0.602) 

140 

(965) 

219 

IC  /FZ 

4D4 

0.501 

(1.27) 

0.257 

(0.653) 

120 

(827) 

1100 

IC/FZ 

(1)  All  specimens  longitudinally  polished  with  400  grit  emery 

(2)  Tested  in  SF-10-U  at  30  Hz. 

(3)  Flat  specimens  - 0.625  inch  (1.59  cm)-t 

(4)  S - surface,  ND  - no  visible  defect,  FZ  - fusion  zone, 

HAZ  - heat  affected  zone,  IC  - internal  crack. 

(5)  Filler  Metal  - Heat  VE  799 
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APPENDIX  7 


DRY  AIR  FATIGUE  CRACK  GROWTH  RATE  DATA 


Cold  Wire  Gas  Tungsten  Arc  Welded 
1.0  Inch  (2.54  cm)  Thick  Plate-Double  J Groove 
Fusion  Zone  Data,  Filler  Metal  Heat  VE  799 
Cyclic  Rate  360  cpm  (6  Hertz) 


Identification 

dN 

KC 

Crack  Length 
A,  Inches  (cm) 

P 

max 

LBS  (Kg) 

da/dN  x 10 
inch/cycle 
(cm/cycle) 

Ks  i V in 

4K 

(MPa  s/~n 

4C2 

inch  (cm) 

30 

0.946 

(2.403) 

2300 

(1043) 

0.47 

(1.19) 

19.7 

(21.6) 

R - 

0.1  (0.254) 

40 

0.955 

(2.426) 

2300 

(1043) 

0.23 

(0.58) 

19.9 

(21.9) 

B « 

0.500  (1.27) 

40 

0.978 

(2.484) 

2300 

(1043) 

0.58 

(1.47) 

20.2 

(22.2) 

W = 

2.551  (6.48) 

120 

0.991 

(2.517) 

2200 

(998) 

0.11 

(0.28) 

19.6 

(21.5) 

AP  = 

0.932  (2.37) 

60 

1.013 

(2.573) 

2200 

(998) 

0.37 

(0.94) 

19.9 

(21.9) 

H/2W 

= 0.486 

100 

1.064 

(2.703) 

2100 

(953) 

0.51 

(1.30) 

19.6 

(21.5) 

100 

1.077 

(2.736) 

1900 

(862) 

0.13 

(0.33) 

18.3 

(20.1) 

10  d 

1.148 

(2.916) 

1900 

(862) 

0.71 

(1.80) 

19.0 

(20.9) 

30 

1.165 

(2.960) 

2100 

(953) 

0.57 

(1.48) 

21.8 

(23.9) 

30 

1.185 

(3.010) 

2100 

(953) 

0.67 

(1.70) 

22.2 

(24.4) 

10 

1.200 

(3.048) 

2300 

(1043) 

1.50 

(3.81) 

24.7 

(27.1) 

10 

1.211 

(3.076) 

2300 

(1043) 

1.10 

(2.80) 

25  0 

(27.5) 

20 

1.236 

(3.139) 

2300 

(1043) 

1.25 

(3.18) 

25.4 

(27.9) 

10 

1.267 

(3.218) 

2500 

(1134) 

3.10 

(7.87) 

28.4 

(31.2) 

8 

1.297 

(3.294) 

2700 

(1225) 

3.75 

(9.53) 

31.6 

(34.7) 

8 

1.343 

(3.411) 

2900 

(1315) 

5.75 

(14.61) 

35.2 

(38.7) 

4 

1.379 

(3.503) 

3100 

(1406) 

9.00 

(22.86) 

39.4 

(43.3) 

2.94 

1.410 

(3.581) 

3300 

(1497) 

10.54 

(26.77) 

43.5 

(47.8) 

1 

1.424 

(3.617) 

3500 

(1588) 

14.0 

(35.56) 

47.4 

(52.1) 

1 

1.442 

(3.663) 

3700 

(1678) 

18.0 

(45.72) 

51.1 

(56.2) 

1 

1.463 

(3.716) 

3900 

(1769) 

21.0 

(53.34) 

55.2 

(60.7) 

1 

1.488 

(3.780) 

4100 

(1860) 

25.0 

(63.5) 

59.8 

(65.7) 

1 

1.521 

(3.863) 

4300 

(1950) 

33.0 

(83.82) 

65.2 

(71.6) 

1 

1.560 

(3.962) 

4 500 

(2041) 

39.0 

(99.06) 

71.9 

(79.0) 

1 

1.616 

(4.105) 

4700 

(2132) 

56.0 

(142.24) 

80.7 

(88.7) 

0.8 

1.700 

(4.318) 

4900 

(2223) 

105.0 

(266.7) 

94.6 

(103.9) 

0.2 

1.733 

(4.402) 

5100 

(2313) 

165.0 

(419.1) 

109.6 

(120.4) 

0.15 

1.780 

(4.521) 

5300 

(2404) 

313.3 

(795.78) 

123.2 

(135.4) 

5%  NaCl  FATIGUE  CRACK  GROWTH  RATE  DATA 
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APPENDIX  9 

TRANSFORMATION  TEMPERATURES 


C vc  1 c 

Heat  Kate 
V ( (.. ) / sec 

C oo  1 
°F  (Ll 

Rate 
C) /sec 

A$ 

°F(°C) 

A» 

°F(°C ) 

Ms 

clC.£l. 

Specimen  #1 

l 

35  ( 1 . 7) /sec 

41 . 

7 (5. 4) /sec 

1211  (655) 

1526  (830) 

599  (315) 

2 

35  (1.7) /sec 

41. 
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